31P-nuclear magnetic resonance studies of intact plasmodia of Physarum polycephalum  by Kohama, Kazuhiro et al.
Volume 176, number 1 FEBS 1892 October 1984 
31P-nuclear magnetic resonance studies of intact plasmodia 
of Physarum polycephalum 
Kazuhiro Kohama, Masaru Tanokura* and Kazuhiro Yamada* 
Department of Pharmacology, Faculty of Medicine, University of Tokyo, Bunkyo-ku, Tokyo 113 and *Department of 
Physiology, Medical College of Oita, Oita 87946, Japan 
Received 22 August 1984 
31P-nuclear magnetic resonance spectra were obtained from intact plasmodial cells of Physarum polycepha- 
lum, where cytoplasmic streaming isgenerated by actin-myosin-ATP interaction. Several peaks were re- 
solved and identified. They included ATP, ADP, orthophosphate and polyphosphates. Peaks for phospho- 
creatine, phosphoarginine or AMP were not detected. The intracellular pH and concentrations of ATP and 
free Mgz+ were estimated tobe pH 6.9,0.2-0.5 mM, and about 1 mM, respectively. 
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1. INTRODUCTION 
The plasmodium of the slime mold, P@rgrurn 
polycephulum shows vigorous shuttles of cytoplas- 
mic streaming. Actin-myosin-ATP interaction has 
been proposed to generate the motive force for 
streaming in a similar way to the interaction caus- 
ing contraction of skeletal muscle [l] since an 
actomyosin-like protein was prepared from plas- 
modia [2]. 
NMR measurement to estimate intracellular con- 
centrations of phosphate compounds. From the 
31P-NMR spectrum, we also estimated intracellular 
pH and Mg2+ concentrations, which affect ac- 
tin-myosin-ATP interaction. In the light of the 
estimated concentrations, the physiological roles 
of the inhibitory effect of Ca2+ on actin-myosin- 
ATP interaction [7-lo] in regulating the cyto- 
plasmic streaming is discussed. 
However, the metabolism of phosphorus com- 
pounds, including ATP, is quite different between 
plasmodium and skeletal muscle. For example, the 
ATP concentration in plasmodium is one-fifth (or 
less) of that in skeletal muscle [3,4]. Moreover, 
phosphocreatine and phosphoarginine are absent 
in plasmodium [3], and polyphosphate has been 
proposed as a phosphagen [5]. These observations 
are made on the extract of plasmodia, which raises 
the question whether the difference is a product of 
the extraction procedures. Studies using “P- 
nuclear magnetic resonance (31P-NMR) of living 
plasmodia may well answer the question, because 
the phosphate compounds are measured in a non- 
destructive way [6]. 
2. MATERIALS AND METHODS 
Plasmodia of the Colonia isolate of PJzysarz~m! 
polycephalum [l 11 were cultured in the axemic 
medium described in [12] with slight modifica- 
tions; the concentration of KH2P04 was reduced 
to 0.2 g/l. After 3-4 days shaking at 25”C, the 
culture reached a stationary phase. The plasmodial 
cells were precipitated either by standing for 5-10 
min or by centrifuging at 900 x g for l-3 min. The 
precipitated cells were put into a 25-mm diameter 
glass sample tube for 31P-NMR measurement. 
Here, we subject intact plasmodial cells to ‘iP- 
The 31P-NMR spectra were recorded at 81 MHz 
on a Bruker WM 200 wb wide-bore spectrometer 
with 5 kHz spectral width, 60 pulse width and 2 s 
recycling time [13,14]. The probe temperature was 
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kept at 22°C throughout the measurements. Each Intracellular pH values (pHi) were calculated 
spectrum was obtained as a time average of 1024 or from the chemical shift of orthophosphate (s”““) 
2048 transients. according to the following equation: 
3. RESULTS 
Fig.1 shows a typical 3’P-NMR spectrum of 
living plasmodia of Physanrm polycephalum. We 
assigned the peaks of the spectrum to phosphate 
compounds according to their chemical shifts 
listed in [a]. 
Peaks 3 and 4 resonating at 1.75 ppm and 0.84 
ppm, respectively, were identified as orthophos- 
phate peaks (f&l). As the orthophosphate in the 
culture medium (pH 4.5) resonated at 0.84 ppm 
(not shown), peaks 3 and 4 were the resonances 
arising from intracellular and extracellular phos- 
phates, respectively. 
pHi = p& + iOg (pbs -&)/(& -dbs) 
where 6, and & are the chemical shifts of &PO4 - 
(&. = 0.85 ppm) and HP04”- (4, = 3.31 ppm), 
respectively [lS]. A pKa value of 6.98 was calcu- 
lated for an ionic strength of 0.03 in plasmodia 
1161 at 22*C, using the constant and the equations 
developed in [17]. 
The chemical shift of peak 3 was shifted to 
higher field as the 3’P-NMR measurement pro- 
ceeded (fig.2); pHi decreased from 6.81 to 6.69 
during the initial 2.5 h (fig.3). We considered the 
pHi of healthy plasmodial cells to be pH 6.9 by ex- 





Fii . I. 31P-NMR spectrum of plasmodial cells of Physurum poiycephdum recorded during the initial 1.2 h. Chemical 
shifts are expressed in ppm down-field from 85% phosphoric acid. Peak 1 (3.65 ppm) and peak 2 (2.56 ppm), sugar 
phosphates; peak 3 (1.75 ppm), intracellular orthophosphate; peak 4 (0.84 ppm), extracelhrlar orthophosphate; peak 
5 (- 5.09 ppm) and/or peak 6 (- 6.27 ppm), ~phosphate of ATP + @-phosphate of ADP; peak 7 (- 9.98 ppm), a- 
phosphates of ATP and ADP; peak 8 ( - 10.55 ppm) NAD and/or NADH; peak 9 ( - 10.55 ppm), &phosphate of ATP; 
peak 10 ( - 22.09 ppm) intracellular polyphosphate; peak 11( - 22.75 ppm) extracellular poIyphosphate. The peaks were 
mostly assigned according to Bony and Olonek [lo] under the assumption that the contributions NTP and NDP other 
than ATP and ADP were negfigibfy small. N.B., resonances for phosphocreatine, phosphoarginine, and AMP were not 
identified as major peaks. 
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Fig. 2. Orthophosphate r gion of 31P-NMR of plas- 
modial cells of Physarumpolycephaium. “‘P-NMR spec- 
tra were collected uring successive 0.62 h periods. Ver- 
tical bars with single and double arrows were drawn at 
0.84 ppm (peak 4) and 1.75 ppm (peak 3), respectively. 
(a) O-O.62 h; (h) 0.62-1.2 h; (c) 1.2-1.9 h; (d) 1.9-2.5 h; 
(e) 7.7-9.3 h; St, resonance from 1 mM KHzP04 in 30 
mM KC1 at pH 7.0. 
the pH gradient across the membrane of plas- 
modial cells is maintained by a proton-pump [ 181, 
an intracellular acidification might be caused by 
reduction in the activity of the proton-pump. Our 
estimated value of pHi is lower than that obtained 
in [19] (pH 7.0-7.5), but higher than that obtained 
in [2Q] (pH 5.8-6.6). 
The intracellular concentration of o-rthophos- 
phate during the initial 0.62 h (a in fig.2) was 
estimated at 1.7 mM by comparison with the in- 
tegrated area of the 1, mM phosphate peak (St, in 
fig.2). As the extracellnlar space of the packed cells 
“l& h 0 1 
Fig. 3. Time course of the changes in the iutracelhdar 
pH. Using spectra in fig.2, intracellular pH (pHi) was 
calculated from the equation in the text. The pHi ex- 
trapolated to zero time was considered as the pHi of 
healthy plasmodial cells. 
in the sample tube was estimated at 53% from the 
area of peak 4 (a in fig.2), the intracellular concen- 
tration of orthophosphate was estimated at 3.2 
mM. Plasmodial cells were grown in a culture 
medium containing 1.5 mM phosphate, suggesting 
that the cells may have a phosphate uptake system. 
intracellular orthophosphate concentration de- 
creased during 31P-NMR measurements, as shown 
by the decrease in the integrated area of peak 3 
(fig.2). The decrease is paralleled by a decrease in 
pHi, suggesting that the uptake of orthophosphate 
may be associated with the proton-pump. 
We compared the integrated area of fl-phos- 
phate of ATP (peak 9, fig. 1) with measurements of
a known ATP concentration under similar condi- 
tions, i.e., 0.5 mM Mg-ATP, 1 mM Mg*+ and 30 
mM KC1 at pH 7.0. The area of peak 9 correspond- 
ed to 0.2 mM ATP. Taking the value of 53% for 
the extracellular space in the sample tube, the in- 
tracellular concentration of ATP was calculated to 
be 0.4 mM. Similar determinations in other ex- 
periments ranged from 0.2 to 0.5 mM. Our 
estimated value is consistent with the total cyto- 
plasmic ATP concentration in the homogenate of 
plasmodial cells [3,4]. It should be noted that the 
ATP concentration decreased uring the course of 
experiments lasting for many hours (not shown). 
However, during the initial 1.2 h after starting the 
31P-NMR measurement, the ATP concentration 
was almost constant (not shown). As the plas- 
modial cells were packed into the sample tube for 
the “P-NMR measurement, they may have suf- 
fered from anoxia during prolonged measurement. 
The anoxia may also be related to the reduction in 
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pHi (fig.3) and in intracellular orthophosphate 
concentration (fig.2) as mentioned above. 
The intracellular free [MS”] was estimated 
from the following equations [21]: 
tMg2+l = Kd (1 -ti)/d 
4 = (6 _ gMWP)/@TP _ &eATP) 
where 6 is the measured separation between the LY- 
and &phosphate resonances of ATP; SmsATp (8.5 1 
ppm) and SATp (10.96 ppm) are values of 6 in the 
presence of a saturating level of Mg2+ and in the 
absence of Mg2+, respectively, under intracellular 
conditions. A Kd value of 9O/rM was obtained with 
30 mM K+ [la], and pH 6.9 from constants 
described in [22]; # is the ratio of concentrations of 
free ATP to total ATP; most (9Ovo) of the in- 
tracellular ATP is present in the form of Mg-ATP 
(flg.1). The 31P-NMR spectrum shown in fig.1 
gave an estimated value for intracellular [Mg2’] of 
0.78 mM. The estimated value varied between 0.78 
and 1.67 among different 31P-NMR measure- 
ments. The intracellular [Mg”] is therefore 
thought to be about 1 mM. 
4. DISCUSSION 
In the present study, intracellular pH and con- 
centrations of ATP and free Mg*+ in living 
plasmodia of Physarum polycephalum are esti- 
mated at 6.9, 0.2-0.5 mM and about 1 mM, 
respectively. Most of the intracellular ATP ap- 
pears to bind Mg2+. 
As the previous conditions, when examining the 
effect of Ca2+ on actin-myosin-ATP interaction 
[7-lo], were rather arbitrary, the effect was reex- 
amined in the light of the estimated concentra- 
tions. In 30 mM KC1 [16], 1 mM Mg2+ and 0.5 mM 
Mg-ATP at pH 6.9, ATPase activity of Physarum 
myosin in the presence of skeletal muscle actin was 
the highest (lOOa) in the presence of EGTA. The 
activity was reduced to 50% by 2pM Ca2+, to 20% 
by 10 ,uM Ca2+ and to 0% by 50 ,uM Ca2+ (un- 
published). This observation suggests that the 
myosin-linked inhibitory effect of Ca2+ on ac- 
tin-myosin-ATP interaction works in living 
plasmodia. 
The integrated area of peak 7 (a-phosphates of 
ATP and ADP) was I.&fold larger than the area 
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of peak 9 (,&phosphate of ATP) (fig. 1), indicating 
that the intracellular ADP concentration was fairly 
high, i.e., about 80% of ATP concentration. This 
is consistent with the previous report [3]. ADP in- 
creased interaction between Physarum actin and 
myosin as measured by the superprecipitation [7]. 
The physiological role of intracellular ADP re- 
mains to be established. 
Phosphoruses of AMP, phosphocreatine and 
phosphoarginine resonate at 3.7, -2.3 and -3.5 
ppm [6], respectively. We were not able to detect 
these peaks in the spectrum shown in fig.1, in- 
dicating that intracellular concentrations of these 
compounds are negligibly small. The absence of 
phosphocreatine and phosphoarginine in Physar- 
urn plasmodia confirms previous reports [3,5]. 
Absence of AMP suggests that myokinase activity, 
which is present in natural actomyosin prepara- 
tions [7,23], may be low in the living plasmodia 
and that ATP pyrophosphohydrolase, whose ac- 
tivity is very high in the extract of plasmodial cells 
[24], may exist in an inactive form in the living 
plasmodia. 
Since non-terminal phosphate of polyphosphate 
in the extract of Physarum plasmodia resonated at 
21.82 ppm at pH 7.0 (about the intracellular pH) 
and at 22.24 ppm at pH 4.4 (about the extracellular 
pH) (unpublished), peak 10 and peak 11 (fig.1) 
were identified as polyphosphate peaks present in 
intracellular and extracellular compartments, 
respectively. The “P-NMR spectrum of the culture 
medium after sedimenting plasmodial cells showed 
a fairly high peak of polyphosphate, whereas the 
intracellular polyphosphate peak (peak 10) was 
often undetectable (unpublished). To examine 
whether polyphosphate works as a phosphagen in- 
stead of phosphocreatine or phosphoarginine [5], 
changes in intracellular polyphosphate must be 
followed under various culture conditions. 
ACKNOWLEDGEMENTS 
K.K. expresses cordial thanks to Dr J. Dee, 
University of Leicester, England, for providing the 
Colonia isolate of Phystwum polycephalum and 
for introducing axemic culture methods, and to 
Professors S. Ebashi, ‘M. Endo and Y. Nonomura 
for discussions and support. This work was sup- 
ported in part by grants from the Aino Hospital 
Volume 176, number 1 FEBS LETTERS October 1984 
[l] Kamiya, N. (1979) in: Cell Motility: molecules and 
organization (Hatano, S., Ishikawa, H. and Sato, 











Nakajima (1960) Protoplasma 52, 413-436. 
Hatano, S. and Takeuchi, I. (1960) Protoplasma 
52, 169-183. 
Yoshimoto, Y., Sakai, T. and Kamiya, N. (1981) 
Protoplasma 109, 159-168. 
Yoshioka, T. and Inoue, H. (1979) Abst. 17th 
Meet. Biophys. Sot. Jpn 126. 
Barany, M. and Glonek, T. (1982) Methods 
Enzymol. 85, 624-676. 
Kohama, K., Kobayashi, K. and Mitani, S. (1980) 
Proc. Japan Acad. B 56, 591-596. 
Kohama, K. (1981) J. Biochem. 90, 1829-1832. 
Kohama, K. and Kendrick-Jones, K. (1982) J. 
Must. Res. Cell Motil. 3, 491 (Abstr.). 
Kohama, K., Craig, R., Kohama, T. and Kendrick- 
Jones, K. (1983) Eur. J. Cell Biol. Suppl. 1 25 
(Abstr.). 
Vll Cooke, D.J. and Dee, J. (1974) Genet. Res. Camb. [24] Kawamura, M. and Nagano, K. (1975) Biochim. 
23, 307-317. Biophys. Acta 397, 207-219. 
Foundation, Yamada Science Foundation and by a 
Grant-in-Aid for Scientific Research (5707000!3) 
from the Ministry of Education, Science and 
Culture of Japan. 
REFERENCES 
1121 Dee, J. and Poulter, R.T.M. (1970) Genet. Res. 
Camb. 15, 35-41. 
[13] Yamada, K. and Tanokura, M. (1983) Jpn. J. 
Physiol. 33, 99-919. 
[14] Tanokura, M. and Yamada, K. (1984) FEBS Lett., 
in press. 
1151 Gadian, D.D., Radda, G.K., Richards, R.E. and 
Seeley, P.J. (1979) in: Biological Applications of 
Magnetic Resonance (Shulman, T.G. ed.) pp. 
463-535, Academic Press, New York. 
[16] Anderson, T.P. (1964) in: Primitive Motile Systems 
in Cell Biology (Allen, R.E. and Kamiya, N. eds) 
pp. 128-176, Academic Press, New York. 
[17] Seo, Y., Murakami, M., Watari, H., Imai, Y., 
Yoshizaki, K., Nishikawa, H. and Morimoto, T. 
(1983) J. Biochem. 94, 729-734. 
[18] Kuroda, H. and Kuroda, R. (1981) J. Gen. Physiol. 
78, 637-655. 
[19] Morisawa, M. and Steinhardt, R.A. (1982) Exp. 
Cell Res. 140, 341-351. 
[20] Gerson, D.F. and Burton, A.C. (1977) J. Cell 
Physiol. 91, 297-304. 
[21] Gupta, R.K., Gupta, P., Yoshok, W.D. and Rose, 
Z.B. (1983) Biochem. Biophys. Res. Commun. 117, 
210-216. 
[22] Wu, S.T., Pieper,, G.M., Salhany, J.M. and Eliot, 
R.S. (1981) Biochemistry 20, 7399-7403. 
[23] Hatano, S. and Tazawa, M. (1968) Biochim. Bio- 
phys. Acta 154, 507-519. 
165 
